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Introduction
The pyridine coenzymes, such as NAD(P)+ and NAD(P)H, are assumed to present welt-known oxidation-reduction properties and, since the fifties, a formal potential of -0.32 V (N.H.E.)" has been assigned .
.. All potential on referred to the Standard Hydrogen Electrode (S.H.E.). 49 2
Leduc, Theveno t and Buvct to this redox system at pH 7. This value is commonly used for thermo dynamical calculations and discussions, but few biochemists are aware of the way in which it was determined and of its significance. The first estimates of the formal potential of this system were ob tained from thermodynamical data relative to simple substrates and from equilibrium measurements. i-s The potential was calculated from the values of the equilibrium concentrations in mixtures of NAD+, NADH and, for example, ethanol and acetaldehyde in the presence of alcohol dehydrogenase." With such a method, one has to take into consideration the influence of the binding of the euzyme, if this catalyst is present in too high concentration: since the association constants of the enzyme with the oxidized and the reduced form of the coenzyme are generally different, a change in the concentration of the enzyme, may alter the pro portion between the oxidized and the reduced free coenzyme and thus the equilibrium potential.' In the case of alcohol dehydrogenase from horse liver and lactate dehydrogenase from beef heart, the potential of the enzyme-coenzyme complex system between pH 6 and 8 is 60-80 m V more positive than the potential of the free coenzyme'
A qualitative estimate of the formal potential of the coenzyme is possible by observing v...hether reactions occur between the coenzyme and chemicals whose oxidation-reduction potentials are known from direct electrochemical measurements. In fact, only few such reactions are rapid enough in the absence of enzymes. The results obtained by this method are presented in Table I and show that the formal potential of the pyri dine coenzymes or their N, alkyl models lies between -0.3 ami -0.5V at pH 7.0.
The electrochemical reduction of aqueous solutions of pyridine nucleotides or their N, alkyl models has been extensively investigated by U~DER"VOOD ei al.,17-19 ELVIKG et al. 20-22 and THlfvENOT ei al. 2 3 -25 The first reduction step of NAD(P)+ or model compounds is reversible aud pH independent: it leads to the free radical NAD (P) ' which dimerizes within a few milliseconds. The potential of the NAD(P)+-NAD(P)' system, calculated from the half-wave potential and the dimerization rate con stant is -0.82 V. 25 , 26 The second reduction step of NAD(P)+ or model compounds is irreversible and pH-dependent: it leads at least partially to KAD (P) H, but is difficult to observe because of the vicinity of the background discharge. The observed half-wave potential of -1.3 ±0.2 V at p H 7 is considerably lower than the formal potential of the NAD(P)' NAD(P)H system calculated from the formal potentials of the NAD(P)+ NAD(P)' and NAD(P)+-NAD(P)H system: U = [+°-47-0.06 pH] giving U'; value at p.H 7 of +0.07 V.23
The electrochemical oxidation of aqneous solutions of pyridine nu cleotides or their N, alkyl models has been more recently studied by LEDUC and THEVENOT, ", 12 ELVIO'lG et al., " AIZAWA et ai.» and BLAEDEL and JENKINS." All authors agree on the irreversibility of the single oxi dation wave, leading to NAD(P)+ or model compounds at a potential ranging between +0.50 and 0.95 V depending on the compound, the p H, the buffer, the electrode and the electrochemical method used. There are discrepancies among the data about the influence of the pH upon the potential of this step: the values of ilUy,/ilpH or ilUp/ilpH obtained were 0 11 , 12 for N 1 alkyl models, and -I I to _18 27,29 and +35 mV per pH unit" for NAD (P) H in the 7-10 pH range.
The comparison between these electrochemical results and the data of Table I, shows that both reduction of NAD(P)+ and oxidation of NAD(P)H can be much more easily achieved chemically than electro chemically. Thus direct electrochemical methods have been unable to bring the' energetical and kinetical patterns of the transfer of two elec trons and one proton to the condition occurring in chemical or biological reactions.
However, zero-current potential measurements were performed by RODKEy",30 who studied mixtures of NAD(P)+ and NAD(P)H with a mediator, namely benzylviologen (BV'+), and an enzyme, namely xan thine oxidase (XO). The potential values obtained decreased of 30 mV per pH unit; this is consistent with an exchange of two electrons and one proton, and was in very good agreement with the former equilibrium data. For this reason the value of -0.32 V was considered reliable and largely used since then.
In this paper we present electrochemical evidences for the interac tions between NAD+, NADH, BV2+ and XO. It is shown that the exis tence of reliable zero-current potentials in mixtures of NAD+ and NADH is related to redox chemical reactions of the coenzyme with an electro chemical reversible system BV'LBV'+ catalysed by xanthine oxidase.
Experimental

Materials
Nicotinamide-adenine-dinucleotide (NAD+, purity 98 %), 1,4-dihy dro-nicotinamide-adenine, dinucleotide (NADH, purity 98 %) (SIG}lA CHEMICAL), benzyl viologen (BRITISH DRUG HOUSE) and rosinduline 2G (K. and K.) were used without further purification. Sturgeon D glyceral dehyde 3-phosphate dehydrogenase (EC 1.2.1.12) (i'lLW. 145,000 dal tons) was generously provided by F. SEYDOUX (University of Paris XI, Orsay) in a high purity holoenzyme forrn ."! the ammonium sulfate suspension was centrifugated, dissolved in ethylene diamine buffer at pH 7 and dialysed overnight to remove ammonium sulphate and the excess of NAD+. Milk xanthine oxidase (EC 1.2.3.2.) (M.W. 275,000 daltons) was obtained from BOEHRINGER (IO mg/cm 3 ) in saturated am monium sulfate and used without separation. Thus our main buffer, i.e. glycine-glycinate (MERCK, pro analysi) , was used at high concentra tions : I 1,1 for total glycin. The pH shifted from 9.8 to 9.5 when xan thine oxidase was added (2.5 fLA! final concentration) because of the presence of ammonium sulfate.
Zero-current potentials were recorded on a TACUSSEL EPL 2 rc corder with a TAT 4 plug-in unit. Polarographic and voltammctric studies were performed with the same recorder and with a TV I I GD plug-in unit, a TACUSSEL PRT zo-zX potentiostat and a PRG 3 interface for d.c. and a.c. measurements. For drop-time controlled polarography we used a 30 em capillary with a mercury height of 50 cm ; the free drop time was 8.2 s and the mercury flow rate 0.85 mg ::)-1. The drop-time was controlled with a TACUSSEL }IPO electrical hammer to a 0.5 s value.
All measurements were performed in a TACUSSEL }!CT jacketted cell with a solution volume ranging from 2 to 5 ern", It was thermo stated at 30±0.2 oC. All solutions were out gassed with a nitrogen stream which was deoxygenated by bubbling through a pyrogallate alcaline solution.
NAD' and NADH concentrations were checked with a CARY 14 recording V.V. spectrophotometer.
Voltammetric and polarographic studies were made with a scan rate of 2 mV /s. The rotation speed of the platinum disk electrode was usually 2,500 r.pm. 
Results and discussion
Zero-current potential measurements in .NAD+-1VADH mixtures
The electrochemical patterns of aqueous solutions of NAD+, NADH and Kcalkyl-nicotinamide model compounds (Fig. I) show evidence that simple mixtures of I m2VI NAD+ and I mM NADH cannot give well defined zero-current potentials. In fact. the measured potential of such mixtures mav drift at random for several tenth of volt.
Addition of mediators like benzyl-viologen or rosiuduline zG (in their oxidized form) decreases the potential but does not lead to an equilibrium potential. Likewise, addition of a specific dehydrogenase such as sturgeon D glyceraldehyde-3-phosphate-clehydrogenase (GPDH) (final --
Leduc, Thevenot and Buvet (--) Formal potential of the NAD (P)+ -NADPH system calculated from equilibrium concentration values in the presence of snbstrate and corresponding dehydrogenasc.t-" concentration reaching 0.18 mAI in monomer) or of less specific oxidases like milk xanthine oxidase (XO) (final concentration generally I fJ-M) does not stabilize the zero-current potential. Even addition of a mediator like benzyl-viologen to mixtures of NAD+, NADH and GPDH does not stop the potential drift.
On the other hand, when we replaced GPDH by XO in the former solution we obtained, as RODKEY·' did, stable and reproducible zero current potentials. In a typical experiment, similar to those performed by RODKEY, a mixture of 0.5 m,l! NAD+, I rnA! NADH, 20 I'-M benzyl viologen and about 0.25 mg/cm' XO in glycine buffer at pH 9.5 gave at a platinum electrode an equilibrium potential of -00408 ±0.005 V with in 20 min; this value corresponds to a formal potential at pH 7 of -0.324 ±0.005 V which is in perfect agreement with the previous data. However, when we replace in the same solution the platinum working electrode with a D.M.E., a stable zero-current potential of -0.I82 ± 0.005 V is obtained; this potential corresponds to the first reduction step of BV2+ on the mercury electrode as described below. This discrepancy of zero--currcnt potentials ShO\V5 that in such experiments there is not always an equilibrium between the electrode surface and the components of the solution. However, when 25 fold more concentrated BV2+ solu tions i.e. 0.5 mM BV'~, I mJI l\AD+, 12.5 mM NADH and 2.5 fLlvI XO were used, we obtained a potential of -0042 V at pH 9.5, both with D.M.E. and with Pt electrode. The equality of these zero-current po tentials shows evidence of an equilibrium between the electrode surface and the species in solution. The resulting formal potential of NAD~ NADH at pH 7 is -O.VI ±0.005 V. On the other hand, the use of glassy carbon or gold disk electrodes leads to a less stable and considerably less negative potential than those obtained with platinum and mercury electrodes (between -0.3 and +O.I V).
Electrochemical reduction at benzyl-oiologen (BV2+)
a -On a dropping mercury electrode. (Fig. 2) . These steps arc accompanied by five in-phase a.c. peaks whose Up are respectively -0.085, -0.349, -0.526, -0.874 and -I.028 ±O.OIO V. Steps I and V are accompanied by quadrature a.e. peaks whose Up are respectively -0.°90 and -I.028±0.OIO V.
Two additional a.c. peaks are present on both in-phase and quad rature polarograms at -0.720 and -0.935 :J,o.oro V and a quadra ture a.c. peak is observed at --0.797 V. nI BV2+ solutions of concentratiou lower or equal to 0.2 mM, steps II and III are absent (Fig. 3) ; d.c. wave I is generally poorly de fined unless the background current is not subtracted: if such a correc tion si achieved wave I resolves into two waves of ['\;. -0.007 and -0.I83 ± O.OIO V respectively, for a 20 fLM BV'-solution (Fig. 5) .
Cyclic voltammograms of 0.5 m,1I BV2+ on a D.}I.E. show two reversible steps followed by an irreversible one: for a sweep rate of O.I Vis the Up of the cathodic peaks equals respectively -0.092 (I,), Leduc, (Fig. 3) . The height of d.c, wave I increases in proportion to the concentration till a limited value for BV2+ concentrations larger than 0.2 mlll (Fig. 4) is reached; meanwhile, the heights of both in-phase and quadrature a.c. peak I are proportional to the concentration in the 0.01-1 ill 1\[ range. This first reduction step is generally interpreted as a prewave corresponding to the adsorption of either the singly or the doubly reduced BV2+ i.e. BV'+ or BV", produced at the electrode ;32,33 the mean adsorption area of this specie may be estimated from the limiting value the wave-height; [BV"J,If and much larger than the value obtained with pyrimidine" (3-7 A').
The potentials of d.c, waves and in-phase I'-C. peaks II and III increase slightly with BV'+ concentration (Fig. 3) and have been re ported to be pH-independent in the 1.1-10.0 range". Sums of the heights of either d.c, waves I and II or I and III are proportional to BV'+ con centrantion.
Step II, the potential of which is very close to the formal potential of BV'+-BV'~, determined potentiometrically, i,e. -0.359 V,'" is generally interpreted as the formation of the blue free radical BV'+'''
Step III presents patterns similar to those of step II : it is reported to be related to the formation of an electron-inactive species, probably BV"."
Finally, d.c, waves and a.c. peaks IV and V present usual diffusion controlled features, fer their potentials are concentration-independent (Fig. 3) and their heights are proportional to the BV'+ concentration, up to a 0.2 mM value. The U\\ and the wave heights of both waves have been reported to depend upon the pH." They may correspond to the third and fourth electron uptake of BV" although this has not been demon strated. Uy, equals -0.360 ± 0.010 V in a 20-1000 p.M BV'+ solution buffered at pH 9.8. is accompanied by both in-phase and quadrature peaks whose Up are respectively -0.305 and -0.295 ± 0.010 V (Fig. 3 and 7) . (Fig. 6 ). Addition of a large excess of NADH in very diluted BV" solution seems to enhance the slope of the BV'+ d.c. wave I: when the background current is subtracted, it appears clearly that the ill-defined prewave situated at -0.007 V disap pears completely while the wave at -0.182 V increases so that total height is not modified (Fig. 5 ). On such background-subtracted polaro grams it appears that a small part of wave I is now anodic: it means that with a 25 fold excess of NADH. BV'+ is very partially reduced into ad sorbed BV'+ even when an enzyme catalyst is absent. On a similar exper iment achieved with more concentrated BV'-and NADH solutions (Fig. 6 ) this effect is more noticeable; as the blue colour of BV'+ does not appear in such solutions it is obvious that only adsorbed BV'+ is produced.
No significant modification of the other reduction d.c. waves or a.c. peaks of BV'+ has been observed when equivalent or excess amounts of NADH are added. (2) as (I) with 0.5 mAr NADH and (3) as (2) with I j-tM xanthine oxidase. Background base current was subtracted.
odic steps of BV'> on D.M.E. and R.P.D.E. is detected even when XO is added to the BV 2l -solutions. As usually observed in protein solutions, the background discharge on D.}!.E. is shifted towards less negative po tentials when 1-2.5 flM XO is added.
However, in apparent contradiction with these stationary exper iments. we have observed on cyclic voltammograms on D.M.E. that the Up of 0.5 mM NAD+ is shifted from -0.744 to --0.904 ± 0.005 V when 2.5 flM XO is added; meanwhile the peak current increases of about 30 %. This is probably related to adsorption phenomena: indeed BURNETT and LNDERWOOD 17 and ELVrKG et al. 22 observed a potential shift of the NAD+ first d,c, polarographic wave of respectively -190 and -140 mV when KCI is replaced by Bu,NClO, and Et,NCI in their supporting electrolyte. Thus, no further evidence of any association or chemical reaction between NAD+ and XO results from such experiments.
On the other hand addition of small amounts of XO changes consid erably the reactivity of BV'> towards NADH (blue coloured BV'+ ap pears) and the electrochemical behaviour of mixtures of BV'+ and NADH.
When 2,5 flM XO is added into a 20 flM 8V'+ and 0.5 mM NADH solution the height of the cathodic polarographic wave I of BV'+ decreases, whereas its U,., remains constant (Fig. 5) . Meanwhile an anodic wave I, appears at the same potential; its height reaches a limiting value almost equal to that of wave I; the sum of both anodic and cathodic wave heights is constant. A zero-current potential can be read on the curve, which is consistent with the direct measurement previously mentioned i.e. -0.182 V.
On the other hand in a solution containing BV" 0.5 mM, NAD+ I mM, NADH IZ.5 mM, addition of XO 2.5 fllU causes the complete disappearance of wave I. this step becoming only anodic; meanwhile wave II also decreases and an anodic wave II a appears at the same po r.edur. 'I'hevenot and Buvet tential, the sum of both cathodic and anodic wave heights decreasing of abont 50 ~'6' Cnrrent-potential curves cross the potential axis at -{J.42 V which is the ze-ro-current potential previously mentioned in such mixtures.
The behaviour of such :KAD+, NADH, BVZ+, BV'+ and XO solu tions on D.M.E. mal' 1Jl' interpreted in different ways according to the BV'-and BV'+ concr-ntration. For very diluted dye solutions it seems that we face probably an adsorption of BV'+ which generates prewave I; there is no equilibrinrn between the adsorbed species and the solution, as demonstrated by the difference of zero-current potentials on D.M.E. and on platinum electrode: apparently the adsorption equilibrium is not yet reached when the mercury drop falls and the electrode surface is renewed (0.5 s). When the dye concentration is large enough, namely of more than 0.2 mil!, the cathodic wave is not present any more and the anodic waves [IJ and IIIJ appear; thus the step wh ich gives rise to a zero current potential on D.~LE. is now step II which equilibrates with the oxidation reaction in the bulk of the solution NADII "" NAD+ + 2 e--I-H+ A similar electrochemical behaviour of dyes was described by MULLER, 38 for example by progressive rednct ion of rosinduline 2G by hydrogen gas in the presence of platinized asbestos.
With a 20 "M BV'+, 0.5 mM NADH and I "M XO solution we obtained on a rotating gold disk electrode an ill-defined cathodic wave corresponding to the reduction of BV 2 + and no anodic wave corresponding to the oxidation of BV'+, the presence of which is demonstrated by the blue colour of the solution. The potential of the cathodic wave is the same as the one observed without xanthine oxidase but the height is IO times smaller. The zero-current potential obtained with such exper iments is ill-defined, for the I vs. U curve crosses the potential axis with a very slight slope; its value is about -0.2 V. Apparently there is no diffusion of BV·+ from the solution to the electrode surface; this behaviour is probably dne to a fouling of the gold electrode by xanthine oxidase.
On R.P.D.E., addition of XO up to about I ,,2Vl into a 40 ,,:'vl BV'+ and n.5 mAr NADH solution decreases the BV'+ cathodic wave to about half of its original height while a new anodic wave of equal height ap pears at the same potential (Fig. 7) .
The interpretation of our R.P.D.E. experiments is easier than that of the D.:Vl.E. ones, as no adsorption phenomena interfere with the BV'+ reduction. It is clear that the anodic wave, appearing mainly when XG is added. is related to BY'+ oxidation. Thus BVh and BV-+ concentra tions at equilibrium may be estimated by the height of the cathodic and anodic d.c, wave respectively, In the experiments described in Fig. 7 unknown quantities of NAD+ were added as impurities of NADH and/or as the product of oxidation of :-IADH by traces of oxigen (this reaction is also catalysed by XO). This is why, in another set of experiments, we mixed 1.3 mM' NADH, 3 mM' NAD+, zo ,,11.'1 BY'+ and about I ",11 XO; the apparent equilibrium constant
was estimated to be 18-4, whereas, using the formal potentials, at pH 7, -0.320 and -0.360 V, respectively, for NAD+-NADH and BY'+-BV'+, the calculated theoretical value, is 15.8 at pH 9.5. The agreement between these two values of K,pp. is good when the estimated prediction of the various concentrations is taken into account.
Conclusions
The impossibility of measuring a stable zero-current potential of solutions containing only NAD, and NADH is not surprising when one considers the electrochemical data obtained with both compounds and models, summarized in Fig. I : a difference of at least 1.3 Y lies between the U~,; of their first reduction and oxidation steps, It is clear that a de finite and stable zero-current potential may be obtained only if an elec trochemically reversible system is present in the solution. Two ways may be considered to fulfil this condition and to measure the formal potential of the NAD+-NADH system, 1. One may modify the electrochemical irreversible NAD~-NADH system by using a catalyst, which changes the kinetics and/or the mech anism of the electrochemical reduction and oxidation of the coenzyme, thus originating a reversible two electrons -one proton step, as is as sumed to occur ill vivo. If the electrochemical reversible system is for example NAD, X-NADH, X the two associations between ligand X (the catalyst) and the oxidized coenzyme on one hand and the reduced coen zyme on the other should be taken into account in the determination of the formal potential of the NAD+-NADH system. Such an hypothesis does not seem unreasonable, as it has been reported that, in vivo, the pyridine coenzymes are probably entirely associated to various dehydro genases and oxido-reductases. B We have tried to prove such a catalytic effect by different electrochemical methods i.e. voltammetry on RP.D.E., polarography and zero-current potcntiometry on platinum, vitreous car bon and hanging mercury electrode, All attemps carried out whith dyes such as BV2+ or rosinduline zG and/or sturgeon GPDH or milk XO were unsuccessful. Such a catalytic effect was not observed by ITo and Ku WAKA" either on voltammetric curves performed with tin oxide optically transparent electrodes and solutions containing I mkl NADP+, 0-4 mM methyl viologen and 0.43 mg/cm' spinach ferredoxin-NADP-reductase buffered at pH 7.0. only when spinach ferredoxin-Na Dlv-reductasc is present in the so lution.
As benzyl-viojogen seems to be able to reduce or oxidize the coen zyme in the presence of XG, we established that BY'+ is a suitable me diator for the NADLNADH system. according to the criteria presented by \VILSON : 4l I. BV 2 -interacts readily with a platinum electrode, giving an electrochemical reversible By2-'--BV'+ svstern, as shown on voltammetric curves on R .P.D.E. (Fig. 7) . BV" gives an electrochemical reversible system also on D.M.E., but the occurrence of a strong adsorption of BV·~ or BVo shifts its zero-current potential to a -0.18 :::': 0.05 V value. 4. XO, the presence of which is necessary for the establishment of the eqnilibrium between BV" and the coenzyme, does not modify the electrochemical patterns of NAD+, NADH, BV'+ and BV·c.
To conclude, in the presence of KG, BV'-is a quite appropriate mediator in order to supply a reliable value of the formal potentia! of the NAD~-NADH system. The calculated values of this potential, either from zero-current potentiometric measurements on platinum and D.M.E. or from voltammetric curves on R. P.D.E. and D.M.E., are indeed in good agreement with the usually accepted -0.320 V value at pH 7. Elec trodcs equilibrate with BV'LBV'+ except whenth is mediator is very di luted and when its adsorption equilibrium on mercury surface is not reached within the drop-time. Nevertheless, we have not succeded in modifying the electrochemical patterns of the pyridine coenzymes and in malting them to behave reversibly on an electrode, even with specific dehydrogenases and substrates. 
